INTRODUCTION
Inclusion body myopathy (IBM) associated with Paget's disease of the bone (PDB) and fronto-temporal dementia (FTD), or IBMPFD (OMIM 167320), is a multisystem degenerative disorder caused by mutations in p97/VCP (valosincontaining protein) on chromosome 9p12-13 (1) . IBMPFD is autosomal dominantly inherited and primarily affects muscle, brain and bone tissue. Of IBMPFD's phenotypic features, a myopathy is the most common and it is present in 90% of affected individuals. It is characterized by adult-onset ( 44 years), proximal and distal muscle weakness with associated atrophy. Affected skeletal muscle contains 'rimmed vacuoles' (RVs) and both myonuclear and sarcoplasmic inclusions (2) . These inclusions are in some instances congophilic and are immunoreactive for ubiquitin and TARDNA-binding protein-43 (TDP-43) (3). The penetrance of FTD in IBMPFD patients is 30% and its onset is at a later age ( 54 years) than myopathy. IBMPFD CNS pathology is taunegative and ubiquitin-positive consistent with a frontotemporal lobar degeneration with ubiquitinated inclusions (FTLD-U) (4) . IBMPFD patient CNS tissue has prominent intranuclear ubiquitinated and TDP-43-positive inclusions in affected brain regions distinguishing it from other FTLD-U subtypes and placing it in its own category FTLD-U subtype 4 (4, 5) . PDB manifests in 50% of IBMPFD patients at a similar age to the myopathy. Pagetoid osteoclasts have ubiquitinated nuclear and cytosolic inclusions as well (6) . Cellular degeneration and ubiquitinated protein inclusions unify the pathologies of these three disparate tissues in IBMPFD.
P97/VALOSIN-CONTAINING PROTEIN p97/VCP (also termed cdc48 and ter94) is a ubiquitously and highly expressed member of the type II AAA+ (ATPase associated with various activities) ATPase family (7) . It is an essential and evolutionarily highly conserved cellular protein (p97/VCP knockout is lethal in yeast, C. elegans and mice) (8) (9) (10) . p97/ VCP has a tripartite structure consisting of an N-terminal domain and two central D1 and D2 AAA+ domains ( Fig. 1 ) (7) . The N-terminal domain is necessary for substrate and cofactor association, whereas the D1 and D2 domains are needed for ATP binding and hydrolysis (11) . A p97/VCP monomer assembles into a functioning stable homo-hexamer with a central cylin-der formed by the D1/2 domains surrounded by the N domains. The D1 domain in association with ATP is largely responsible for p97/VCP hexamerization; whereas the D2 domain performs the majority of ATP hydrolysis (12) . Hence, the measures of the basal ATPase activity come predominantly from the D2 domain. During D2-mediated ATP hydrolysis, the largest conformational change occurs between the N and D1 domains (13, 14) . This structural change enables p97/VCP to function as a chaperone or 'molecular motor' that interacts with a diverse group of adaptors (15) . These adaptors dictate VCP's promiscuous involvement in many cellular functions (16) .
As implied by its protein genre name, AAA+ protein, p97/VCP mediates a wide variety of essential cellular processes (7) . These include post-mitotic nuclear envelope reformation and Golgi reassembly, cell cycle progression, DNA damage repair and protein degradation via the ubiquitin-proteasome system (UPS) and endoplasmic reticulumassociated protein degradation (ERAD) pathways. Loss of p97/VCP or expression of an ATP hydrolysis-deficient p97/VCP mutant leads to the accumulation of undegraded ubiquitinated proteins in cells (17, 18) . This initially implicated p97/VCP as a key player in the UPS. Subsequently, p97/VCP was found to associate with ubiquitinated substrates and many components of the UPS including E3/E4 ligases and deubiquitylating enzymes (16) . p97/VCP is also instrumental in ERAD (19) . Substrate-trapped hydrolysis-deficient p97/VCP localizes to the cytosolic face of endoplasmic reticulum (ER) (18) . In addition, p97/VCP interacts with the putative retrotranslocon, Derlin-1, and is itself essential for the retrotranslocation of ERAD substrates (20) . Specifically, p97/VCP in a multiprotein complex with UFD1 and Npl4 serves as the 'motor' needed to extract ERAD substrate proteins from the ER lumen or membrane into the cytoplasm for subsequent degradation by the 26S proteasome (20) . p97/ VCP may be necessary for the degradation of all ERAD and UPS substrates or only a specific set. For example, studies have shown that p97/VCP mediates the turnover of several specific cytosolic UPS substrates including IkB (inhibitor of kappa B), Unc-45b (skeletal muscle myosin chaperone) and Hif-1a (hypoxia inducible factor 1a) (21 -23) . Another putative degradation substrate for p97/VCP is the protein aggregate (24) . p97/VCP localizes to pathogenic protein inclusions in multiple neurodegenerative disorders such as Huntington's disease, Parkinson's disease and amyotrophic lateral sclerosis (25) . p97/VCP also binds polyglutaminecontaining proteins in vitro (26) . p97/VCP binds to the polyglutamine-containing protein ataxin-3. Ataxin-3 is associated with spinocerebellar ataxia type 3 (26) . Interestingly, p97/VCP preferentially binds ataxin-3 when it contains as a pathologically expanded polyglutamine repeat.
IBMPFD MUTANT P97/VCP
IBMPFD-associated mutations are located in three different domains, I27V, R93C, R95C/G, P137L, R155H/P/C/S/L, G157R and R159H/C are located within the N domain, R191Q and L198W are within the linker connecting N and D1 domains and A232E, T262A, N387H and A439S are within the D1 domain (2, 27, 28) . This totals 19 missense mutations at 13 different residues. Mutations of the arginine at residue 155 comprise the most frequent mutations in IBMPFD patients (1) . Initial studies found that the R155H mutation in VCP did not affect its ability to hexamerize or hydrolyze ATP (29) . Subsequent in vitro studies found that the IBMPFD mutants A232E and R155P have an increase in basal ATPase activity (30) . We have evaluated the basal ATPase activities of eight additional IBMPFD mutants in addition to R155H, R155P and A232E and find that they all have increased ATPase activity when compared with wild-type VCP (VCP-WT; unpublished observations). How in vitro activity reflects in vivo function is unclear. These in vitro studies do not accurately reflect the 1:1 stoichiometry of endogenous VCP-WT to IBMPFD mutant VCP containing hexamers. Moreover, it is not known if mutant monomers even mix with WT monomers in patients.
Molecular modeling of a VCP hexamer places all IBMPFD mutant residues in a similar location at the N-D1 domain interface ( Fig. 1) . In fact, mutant N domain residues R95 and R155 may interact with mutant D1 domain residues A232 and N387, respectively (11) . The largest movement throughout the ATPase cycle occurs between the N and D1 domains (13) . This region is also important for substrate and cofactor selectivity (7). Preliminary studies have failed to show a defect in the association of IBMPFD mutants with three cofactors Ufd1, Npl4 and ataxin-3 (31). Whether IBMPFD mutations affect protein conformation during the ATPase cycle or substrate and cofactor binding is not known, but these defects could explain how a mutant VCP could have an increase in ATPase activity with impaired function.
Expression of IBMPFD mutations in cell culture and transgenic mice leads to the accumulation of ubiquitinated proteins similar to that seen with siRNA knockdown of VCP or proteasome inhibition (24, 29, 32, 33) . However, studies aimed at defining a clear pathogenic role for impairment in the UPS or ERAD pathway have yielded conflicting results. One study found that the steady-state levels of the ERAD substrate DF508-CFTR were elevated and accumulated as ER-associated ubiquitinated inclusions in cultured myoblasts expressing IBMPFD mutant R155H or R95G similar to that found with the expression of a hydrolysis-deficient mutant VCP (29) . In contrast, another study found that IBMPFD mutant R155H and A232E expression did not impair the ERAD of CD3d-YFP (34) . The same study failed to see a defect in the UPS-mediated degradation of the ubiquitin fusion domain protein Ub-G76V-GFP when IBMPFD mutant R155H or A232E were co-expressed (34) . Conflicting results were seen once again when the UPS-mediated degradation of the specific VCP substrate, UNC-45B instead of Ub-G76V-GFP, was evaluated. In cultured cells expressing IBMPFD mutant VCP and in IBMPFD transgenic mouse skeletal muscle, UNC-45B levels were elevated consistent with its failure to be degraded via the UPS (22, 32) . These data suggest that IBMPFD mutations in p97/VCP do not affect the ERAD or UPS degradation of all substrates but instead only a select group.
IBMPFD MUTANT P97/VCP DISRUPTS PROTEIN INCLUSION FORMATION AND CLEARANCE
p97/VCP interacts with aggregated proteins (25, 26) . This suggests that p97/VCP may be involved in protein inclusion formation or aggregate clearance from the cell. p97/VCP binds to histone deacetylase 6 (HDAC6) (35) . HDAC6 is a cytosolically localized deacetylase (36) . One of its functions is to bind ubiquitinated proteins and facilitate their delivery to the aggresome in times of proteotoxic stress (36) . An aggresome is an actively generated, microtubule-dependent, perinuclear cellular structure (37) . It contains ubiquitinated and aggregated proteins as well as the machinery needed to degrade them (e.g. proteasomal subunits and autophagic components). p97/VCP is also needed for aggresome formation (17) . The loss of p97/VCP activity via RNA interference or following expression of an ATP hydrolysis-deficient mutant which can serve as a potent dominant-negative inhibitor of p97/VCP results in dispersed aggregates of ubiquitinated proteins and prevents aggresome formation following proteasome inhibition (17, 24, 38) .
IBMPFD mutant p97/VCP expression has a similar effect on aggresome formation (24) . In cells expressing IBMPFD mutant VCPs R155H, A232E or R95G, proteasome inhibition failed to induce a single perinuclear aggresome as was seen in control or p97/VCP-WT expressing cells (24) . Similarly, in IBMPFD mutant cell lines, expression of an expanded polyQ failed to generate a larger perinuclear aggresome (24) . Instead, smaller ubiquitin-positive polyQ aggregates were found throughout the cytoplasm as opposed to them consolidating in an aggresome. These smaller cytosolic inclusions did not co-localize with autophagic machinery such as LC3, p62 and HDAC6 (24) . This resulted in the accumulation of insoluble polyQ protein, a decrease in the clearance of polyQ inclusions and cell death in IBMPFD mutant expressing cells (24) . The decrease in polyQ aggregate clearance was also found in IBMPFD mutant expressing transgenic mouse muscle (24, 39) .
Although autophagic proteins did not co-localize to the inclusion in IBMPFD mutant expressing cells, p97/VCP did localize to polyQ aggregates both at the aggresome in control and p97/VCP-WT cells and at the smaller nonaggresomal polyQ inclusions in IBMPFD mutant expressing cells (24) . This raises the question; what is the role of p97/VCP on protein aggregates and how do IBMPFD mutants on these aggregates affect degradation. One possibility is that p97/VCP is 'triaging' an aggregated protein to the aggresome and autophagic pathways. Or, p97/VCP may be actively delivering aggregated proteins to the autophagosome. Alternatively, it is conceivable that p97/VCP is trapped within the polyQ inclusions in a futile attempt to disaggregate or deliver them to the UPS. To address this question and distinguish between the function of VCP-WT and the dysfunction of IBMPFD mutant VCP, fluorescently tagged p97/VCPs were co-expressed in polyQ expressing cells and visualized via live imaging (24) . p97/VCP-WT protein was found to rim polyQ aggresomes (24) . In addition, the aggregate-associated p97/VCP-WT protein was freely diffusible with cytosolic p97/VCP. This was in contrast to IBMPFD mutant p97/VCPs which associated with a polyQ inclusion
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but remained stuck on the aggregate (24) . An analogous finding was seen via co-immunoprecipitation in which IBMPFD mutant VCPs bound more polyQ protein than VCP-WT. This was similar to what was seen when a hydrolysis-deficient p97/VCP was evaluated on a polyQ aggregate (24) . p97/VCP requires ATP binding at the D2 domain to engage with substrates and cofactors. ATP hydrolysis then provides the energy necessary for substrate disengagement (15) . Therefore, point mutations in the Walker B motif of the D2 domain can generate a p97/VCP that binds substrate but fails to release; effectively serving as 'substrate-trap' mutant (18) . These data suggest that IBMPFD mutants behave similarly to a hydrolysis-deficient mutant and bind substrate (e.g. protein aggregates) but fail to release or deliver them to the UPS, autophagy or aggresomal pathways. However, in vitro ATPase activity assays show that IBMPFD mutants are actually 'hyperactive' and have higher basal activity rates (30) . This would be inconsistent with a 'substrate-trap' mutant that is unable to hydrolyze ATP. There are several plausible explanations for this discrepancy. For example, in vitro basal ATPase activity does not reflect the 'stimulated' ATPase activity that likely occurs with substrate engagement. Many AAA+ proteins have low basal ATPase activity that increases several fold with the addition of substrate and/or cofactors. A potentially suitable in vitro substrate for VCP has been recently identified and is a fragment of synaptotagmin-1 (40) . This peptide stimulates the ATPase activity of VCP by 4-fold (40) . Whether IBMPFD mutants have a similar stimulation remains to be determined. Another possibility is that IBMPFD mutations lead to a structural uncoupling of the D2 and N domains during the ATP hydrolysis cycle. This scenario could in fact result in a VCP protein with increased ATPase activity since the steric hindrance of the N domain would be removed. One could imagine that IBMPFD disease mutations within the linker region between the N and D1 domains or at the N -D1 domain interface would lead to a poorly moving N domain that could bind substrate but fail to release.
IBMPFD MUTANT P97/VCP IMPAIRS AUTOPHAGOSOME MATURATION
A defect in protein aggregate degradation raised the possibility that IBMPFD mutations in p97/VCP-disrupted autophagy. It has been postulated that protein aggregates such as expanded polyglutamine-containing proteins are resistant to the proteasome and are instead degraded via autophagy (41) . Defects in autophagy are associated with several other vacuolar myopathies such as Pompe's and Danon's diseases (42, 43) . Mutations in the endosomal sorting complex required for transport (ESCRT) pathway protein CHMP2B cause an FTD similar to IBMPFD with prominent ubiquitinated inclusions (44) . ESCRT family members including CHMP2B are necessary for autophagy (45, 46) . Finally, mutations in p62, a key autophagic adaptor protein, cause familial and sporadic PDB (47) .
Consistent with a disruption in autophagy, IBMPFD patients and VCP mutant R155H expressing transgenic mouse muscle accumulate the autophagic substrates p62 and LC3II (39) . The degree of p62 and LC3II accumulation is similar to that seen when autophagy is inhibited via chronic administration of the lysosomal inhibitor chloroquine. Using a cell culture model of IBMPFD mutant expression, it was found that this was due to the accumulation of immature autophagosomes (39) . Subsequent studies found that VCP itself is necessary for autophagosome maturation into autolysosomes. Expression of a dominant-negative VCP mutant or siRNA knockdown of VCP also led to the accumulation of p62, LC3II and immature autophagosomes (39) . These autophagosomes failed to co-localize with acidic-and LAMP1-positive vesicles (39) . These data suggest that VCP is needed for autophagosome-lysosme fusion.
Recently, it has become clear that basal autophagy or 'quality-control' autophagy is particularly important for the degradation of ubiquitinated inclusions (48, 49) . This type of autophagy contrasts 'induced' autophagy which occurs in the setting of nutrient deprivation or other signaling event. The loss of basal autophagy in the CNS leads to the accumulation of ubiquitinated inclusions and neurodegeneration (48, 49) . The autophagy mediated by VCP may be important for basal autophagy. In IBMPFD mutant R155H and A232E expressing cells, immature autophagic structures accumulated under basal conditions and contained ubiquitin (34) . This contrasted blocking autophagosome maturation with bafilomycin A in which few ubiquitin-positive autophagosomes were present (34) . This finding is very intriguing and suggests that VCP may be particularly important in the selective autophagic degradation of ubiquitinated proteins.
Further supporting a role for VCP in the maturation of ubiquitin-containing autophagosomes comes from a recent study implicating HDAC6 in a similar process. The loss of HDAC6 in cultured cells resulted in the accumulation of immature autophagosomes under basal conditions (50) . However, when autophagy was induced via starvation, this effect was not apparent and measures of protein degradation were unaffected in HDAC6 knockout cells (50) . These data suggested that HDAC6 was dispensable for the induced autophagy seen with nutrient deprivation. This is similar to when IBMPFD mutant expressing cells were similarly treated with nutrient deprivation (34) . These data highlight an emerging type of autophagy-quality-control autophagy. This model suggests that the autophagosomes that accumulate in IBMPFD cells and HDAC6 KO cells are specialized. They are specifically involved in the clearance of ubiquitinated proteins.
DEFECTS IN AUTOPHAGOSOME MATURATION EXPLAIN IBMPFD PATHOLOGY
An impairment in autophagosome maturation may explain the pathology seen in IBMPFD including TDP-43 accumulation. In IBMPFD skeletal muscle, the most striking pathology is the 'RV' (2) . RVs are accumulations of discontinuous membranous and proteinaceous debris. In some cases, RVs contain amyloid, ubiquitin and TDP-43 immunoreactive debris (2) . In IBMPFD patient and transgenic mouse skeletal muscle, many RVs are decorated by LC3 and p62, suggesting that they are autophagic in origin ( Fig. 2A-C) (39) . Interestingly, in contrast to other autophagic vacuolar myopathies Human Molecular Genetics, 2010, Vol. 19, Review Issue 1 R41 such as acid maltase deficiency, Danon's disease or even other hereditary IBMs, the RVs in IBMPFD do not label with hydrolytic enzyme stains such as acid phosphatase and non-specific esterase, suggesting that they are not lysosomal in origin (2, 51) . Instead, an RV in IBMPFD transgenic mice and patients contains autophagosomal proteins such as p62 and LC3 that do not co-localize with lysosomal proteins such as LAMP1/2 (39). Other pathologies in IBMPFD muscle include the accumulation of p62, LC3II and high molecular weight ubiquitinated proteins; all of which accumulate under conditions of impaired autophagy (33, 39) . Markers of autophagy have not been systematically evaluated in IBMPFD patient or transgenic mouse CNS tissue. However, it is clear that both ubiquitin-and TDP-43-positive inclusions accumulate in affected brain tissue (4, 32, 52) . Several studies suggest that TDP-43 itself is an autophagic substrate that may accumulate under conditions of dysfunctioning autophagy. The evidence for this comes from cell culture experiments that have evaluated the degradation and/or accumulation of TDP-43 after pharmacologic manipulation of autophagy or the proteasome (53, 54) . An alternative hypothesis is that TDP-43 is leaving the nucleus and accumulating in the cytosol of affected neurons and muscle in response to impaired autophagy or changes in proteostasis. TDP-43 was found to redistribute to the cytosol in IBMPFD mutant expressing cells and transgenic mouse muscle (Fig. 2D-F) (39, 55) . This was similar to that seen when autophagosome maturation was impaired with bafilomycin A or chloroquine in cells and chronically treated mice (39) . Although these studies do not confirm whether TDP-43 is an autophagic substrate, they do suggest that the TDP-43 pathology seen in IBMPFD can be explained by impaired autophagosome maturation.
Although current cellular and transgenic models of IBMFPD recapitulate most aspects of the disease, one hallmark feature seen in IBMPFD-associated FTLD-U has not been demonstrated. Specifically, intranuclear ubiquitinated and TDP-43-positive inclusions have not been seen in IBMPFD cell and animal models. These are the pathologic feature of IBMPFD-associated FTLD-U that resulted in its categorization as a unique subtype (4, 52) . It should be noted that intranuclear inclusions of TDP-43 are not present in IBMPFD patient skeletal muscle (3) . Instead, TDP-43 is cleared from myonuclei in inclusion bearing muscle fibers. Moreover, vacuolation is not seen in IBMPFD patient neurons (4) . This suggests that although the pathogenesis of IBMPFD dementia and muscle weakness may be similar, there are still distinct differences. It may be that a disruption in quality-control or basal autophagy is the principal defect in the CNS of IBMPFD patients, whereas in skeletal muscle the large accumulation of membranous and proteinaceous debris is pathogenic. Support for this comes from tissue-specific knockout of key autophagic proteins in the brain or skeletal muscle. The loss of ATG5 or ATG7 in the CNS leads to profound neurodegeneration after several weeks (48, 49) . In contrast, the loss of ATG5 or ATG7 in the skeletal muscle results in preserved muscle function for several months with evidence of type II muscle atrophy after 7 months (56, 57) . This discrepancy suggests that neurons and skeletal muscle have different requirements for basal autophagy, and the pathogenesis of IBMPFD may be different in these two tissues.
P97/VCP IS A MEDIATOR OF PROTEIN HOMEOSTASIS
The recent studies identifying a role for p97/VCP in autophagy and the UPS, place it at a unique position within these protein degradation pathways of the cell. Both UPS and autophagy are 
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Human Molecular Genetics, 2010, Vol. 19, Review Issue 1 clearly important for intracellular protein homeostasis. The concerted or counterbalanced action of these two pathways has traditionally been thought to behave as parallel processes degrading distinct subsets of proteins within the cell. However, recent studies suggest that the UPS and autophagy pathways communicate and may degrade similar substrates. For example, proteasome inhibition or an excess of ubiquitinated misfolded proteins induces autophagy (58, 59) . Conversely, impaired autophagy results in the accumulation of ubiquitinated proteins and proteasome-specific substrates (48, 60) . Within an organism, mice bearing a skeletal musclespecific conditional knockout allele of Atg5 or Atg7 show the loss of muscle mass and elevated levels of muscle-specific ubiquitin ligases (both atrogin-1 and MuRF1) (56, 57) . Similarly, CNS-specific knockout of Atg5 or Atg7 results in the accumulation of ubiquitinated proteins (48, 49) . This strongly suggests that the UPS and autophagy are functionally interrelated, but the compensatory or cross-talk mechanisms between the two pathways are largely unknown. Several proteins with ubiquitin-association domains, HDAC6, p62, NBR1 and the FYVE domain containing protein Alfy, serve as adapters that traffic ubiquitinated proteins to autophagic machinery (61) . p62 also has a role in the UPS (62) . It can deliver ubiquitinated proteins to the proteasome and the autophagosome (62, 63) . In settings of impaired autophagy, the accumulation of p62 results in a sequestration of UPS substrates (60) . This limits their proteasomal degradation. This proteasomal impairment can be overcome by the expression of p97/VCP (60) . How p97/VCP does this is not clear. p97/VCP does not clearly bind to ubiquitinated proteins alone but instead indirectly associates with ubiquitinated substrates through cofactors such as Ufd1/Npl4 and p47 that contain ubiquitin-association domains. Whether these factors are necessary to overcome the secondary impairment in the UPS during autophagic inhibition is not known.
We suggest that p97/VCP is well-suited to mediate the interplay between these two proteolytic systems (Fig. 3) . p97/VCP itself may be able to recognize a proteasomal (i.e. misfolded) versus autophagic (i.e. aggregated) substrate. p97/VCP would effectively triage these substrates to their respective degradation pathways. Alternatively, it may be that the availability of p97/VCP-specific cofactors in the cell dictates whether a substrate is degraded via the proteasome or autophagy. In this model, p97/VCP would serve as a facilitator and the cell would decide how a protein is degraded. For example, an increase in UFD1/Npl4's association with p97/ VCP may favor proteasomal degradation, whereas higher levels of HDAC6 may favor degradation of substrates by autophagy. Finally, p97/VCP may be regulated and directed to associate with specific cofactors. p97/VCP is phosphorylated and acetylated at multiple residues (64) . c-Src kinase, p34cdc2 kinase and Akt are examples of kinases that phosphorylate p97/VCP (65) (66) (67) . In the case of Akt, it has been shown that the phosphorylation of specific serine residues on p97/VCP mediates its binding to ubiquitinated proteins (65) . Depending upon the proteostatic state of the cell, p97/VCP may be post-translationally modified to favor association with different degradation pathway components.
CONCLUSION
p97/VCP is a pivotal regulatory molecule necessary for multiple key biological processes. This review highlighted an additional function for p97/VCP in the intracellular catabolic pathways, besides its well-established role in protein degradation via the UPS. The mechanism by which p97/VCP mediates the autophagic degradation of ubiquitinated substrates is currently unknown. It is conceivable that one may be able to manipulate p97/VCP and shift the degradation of substrates from the UPS to autophagy or vice versa. Thus, p97/VCP may serve to balance the proteostatic state of the cell.
